The N-terminal targeting peptide of precursor proteins destined to the mitochondrial matrix is recognized by the Tom20 receptor and plays an important role in the import process. Protein import is usually organelle specific, but several plant proteins are dually targeted into mitochondria and chloroplasts using an ambiguous dual targeting peptide. We present NMR studies of the dual targeting peptide of Thr-tRNA synthetase and its interaction with Tom20 in Arabidopsis thaliana. Our findings show that the targeting peptide is mostly unstructured in buffer, with a propensity to form α-helical structure in one region, S6-F27, and a weak tendency for a β-strand structure in another region, Q34-Q38. The α-helical structured region has an amphiphilic character and a φχχφφ motif, both of which have previously been shown to be important for mitochondrial import. Using NMR we have mapped out two regions in the peptide that are important for Tom20 recognition, and one of them, F9-V28, overlaps with the amphiphilic region, and the other comprises residues L30-Q39. Our results show that the targeting peptide may interact with Tom20 in several ways. Furthermore, our results indicate a weak, dynamic interaction. The results provide for the first time molecular details on the interaction of the Tom20 receptor with a dual targeting peptide.
Introduction
Most mitochondrial and chloroplastic proteins are synthesized on cytosolic ribosomes as precursor proteins equipped with N-terminal targeting peptides (TPs) that function as recognition signals for organellar import. The basic properties of TPs, such as amino acid composition, charge and structural propensities, of mitochondrial targeting peptides (mTP) and chloroplastic targeting peptides (cTP) are very similar [1] . Both mTPs and cTPs contain many hydroxylated, hydrophobic and positively charged amino acid residues and only a few negatively charged amino acid residues [1] [2] [3] .
However, there are also some differences including length, amino acid distribution and structural properties. The mTPs are on average 42 amino acid residues long and contain more arginines especially in the N-terminal portion of the mTPs, while the cTPs are on average 58 amino acid residues long and contain more serines and prolines [1, 4] . Structurally, most mTPs are predicted to form an amphiphilic α-helix, which has been shown to play an important role in mitochondrial import [5] , while cTPs appear to be unstructured in most studies [6] [7] [8] [9] . Nevertheless, some cTPs have been reported to form helical structures in a membrane mimetic environment [9] [10] [11] .
Protein import is generally very specific, however, and in plants there is a growing number of proteins that are products of a single gene, but can be imported into both mitochondria and chloroplasts, i.e. proteins that are dually targeted to both organelles [3, 12] . This is understandable as mitochondria and chloroplasts share several overlapping functions including DNA replication, transcription, translation, and protection against oxidative stress, which implies that several enzymes such as e.g. the aminoacyl-tRNA synthetases (aaRSs) are required in both organelles. There are dual targeting peptides (dTPs) in which alternative translation origin results in 5 separate organellar domains that control the import into mitochondria or chloroplasts [13] . More common, however, is the use of an ambiguous targeting sequence, which within the same sequence contains information for both mitochondrial and chloroplastic targeting [3, 12, 14] , found in e.g. dTPs of glutathione reductase [15] , RNA polymerase RpoT: 2 [16] and PresequenceProtease [17] and many aaRSs [11] .
A group of 18 aminoacyl-tRNA synthetases (aaRSs) identified in Arabidopsis thaliana are dually targeted to both mitochondria and chloroplasts by their dTPs [18] .
The N-terminal truncation of prolyl-RS and aspartyl-RS dTPs abolished targeting to either chloroplasts or mitochondria, indicating the presence of a domain structure in these dTPs, i.e. different parts of the sequence is needed for import into the different organelles and do not overlap. However, for most aaRSs, including threonyl-tRNA synthetase dTP (ThrRS-dTP), the N-terminal portions of the dTPs are essential for import into both organelles [11] . Further studies of ThrRS-dTP using C-terminal truncations of different lengths revealed that the shortest sequence with dual targeting capacity was 60 amino acid residues long, ThrRS-dTP(2-60), although the predicted processing site suggested by ChloroP for chloroplasts was after 38 residues and by MitoProt for mitochondria after 35 residues [19] . In accordance with observation for other dTPs, ThrRS-dTP(2-60) has significantly more Ser residues in the N-terminal portion than usually found in mTPs. In addition, it also has three Ser residues at the C-terminus. Previous results by CD spectroscopy revealed that ThrRS-dTP(2-60) is mainly unstructured in aqueous environment [19] . However, the molecular mechanisms of how the ambiguous dTPs mediate import of dually targeted proteins to both organelles have not yet been elucidated. mTPs and cTPs are recognized by different organellar import machineries. In mitochondria, the Translocase of the Outer Mitochondrial Membrane (TOM) and the 6 Translocase of the Inner Mitochondrial Membrane (TIM) [20] [21] [22] and in chloroplasts, the Translocase of the Outer envelope membrane of Chloroplasts (TOC) and the Translocase of the Inner envelope membrane of Chloroplasts (TIC) [23, 24] mediate import of the unfolded precursor proteins.
Tom20 and Tom70 components of the mitochondrial TOM complex function as import receptors [22, 25] . Tom20 is the receptor that directly interacts with the mTPs.
Although the Tom20 receptors in different organisms (plants, animals, and yeast) are non-homologous, they have equivalent structural features and function [26] [27] [28] . The topology of Tom20 is also different depending on species, however in plants the Cterminus is anchored to the outer membrane by a single transmembrane segment, and the hydrophilic N-terminal cytosolic domain recognizes the presequences in an early step of the mitochondrial protein import. The cytosolic domains of Tom20s from both rat and Arabidopsis thaliana have an α-helical structure with a groove at the concave surface [26, 27] . In Arabidopsis thaliana, there are 4 Tom20 isoforms with sequence identities varying from 35% to 60% [29, 30] . The interaction between Tom20 and mTPs has been suggested to occur between a hydrophobic patch in the Tom20 groove and hydrophobic residues in mTPs [27] . The presence of amphiphilic helices in mTPs and the extended structure of cTPs raises the question how the properties of the ambiguous dTPs of proteins that are imported into both mitochondria and chloroplasts are recognized by the organellar receptors, such as Tom20.
In this study we wished to elucidate the molecular properties of the dually targeting peptide from threonyl-tRNA synthetase (ThrRS-dTP), and we have for the first time studied the interaction between a dual targeting peptide and Tom20. We have used different nuclear magnetic resonance (NMR) methods for structural characterization of ThrRS-dTP(2-60). Based on backbone assignments, we have 7 analyzed the structural features of this peptide in aqueous solution. Furthermore, we have investigated the key Tom20 interaction points in ThrRS-dTP(2-60), in the presence of the cytosolic domain of AtTom20. To our knowledge, this is the first time that the initial interaction between the mitochondrial import receptor Tom20 and a dual targeting peptide has been studied.
Results

Backbone assignment of ThrRS-dTP(2-60)
In order to perform secondary structure analysis of a dTP and its binding to Tom20, we have purified the shortest peptide, which has dual targeting capacity, ThrRSdTP(2-60), by overexpressing the peptide as a GST construct in M9 minimal media containing 15 N and then isolating the ThrRS-dTP(2-60) as previously described by
Berglund et al. [19] . The structural properties of this sequence and its interaction with AtTom20 were studied using NMR spectroscopy. previously been demonstrated by CD spectroscopy [19] . ThrRS-dTP(2-60) is composed of 59 amino acid residues and among them five are Pro residues and a very large number are Ser residues (25% of the sequence). The many sequential Ser residues made the assignment more complicated, but nevertheless, using 3D data, were not found in the spectra, possibly due to an unfavorable equilibrium between the protonated and non-protonated forms at pH 6.
Analysis of the secondary structure of ThrRS-dTP(2-60)
The chemical shifts of proteins and peptides are routinely used for characterizing secondary structure, since they are very sensitive to local environment. For intrinsically disordered proteins, there is no fully formed α-structure or β-structure, but they possess transient structure and structural propensities to different degrees [31, 32] . Marsh et al. have developed a method to calculate the secondary structure propensity (SSP) score at a given position based on different chemical shifts [33] .
Here, the SSP scores for individual residues in ThrRS-dTP have been analysed with C α and H α chemical shifts as inputs ( Figure 2 ).
In disordered proteins, a SSP score for a given residue reflects the fraction of a certain conformer in the disordered ensemble at that position. Positive values indicate α-helical structure and negative values indicate β-strand structure. In the ThrRS-dTP peptide, residues S6-F27, L30, R33, Q39-F47, V49 and S56 have an α-helical population, whereas residues V28-Y29, T32, Q34-R38, A48, A50-I55 and S57-P60 have a (weak) β-strand population. Among them, only one segment with more than two residues in a row has a population of helical structure greater than 20% and this is S6-F27, with F20-L24 having the highest scores ( Figure 2 ). However, two consecutive residues F35 and W36 in the Q34-R38 segment also have a population above 20% of β-sheet. The result is similar when using a different algorithm, δ2D [34] . Predictions by Jpred [35] indicated that helical structure may be formed between 9 T21-V28. Hence, we conclude that the sequence has a tendency to form helical structure in the N-terminal part, S6-F27, and that weak propensities for alternating β-structure (Q34-R38) and α-helix (Q39-F47) is observed in the remaining part of the sequence.
Since earlier studies have indicated that an amphiphilic helix may be of importance for targeting peptide-Tom20 interaction, we evaluated the amphiphilic helix propensities for ThrRS-dTP(2-60) using HeliQuest [36] . The whole sequence of ThrRS-dTP(2-60) was scanned through a sliding window of 18 residues, and hydrophobic faces were found for L7-P37, especially so for S11-V28 and F20-P37, where there were 6 residues involved in the hydrophobic faces ( Figure 3 ). One of these segments, S11-V28 showed a characteristic amphiphilic character, while the other one did not. This region corresponds to the sequence that had the highest propensity for α-helix in our secondary chemical shift analysis. The second region, F20-P37 does not correspond to a unique structural propensity as judged from chemical shifts. Notably, Y29 was always separated from the hydrophobic face by at least four residues.
To further study the induced structure, CLEANEX experiments with mixing times of 20 ms, 40 ms, 60 ms and 80 ms were acquired to monitor the water-amide proton exchange in ThrRS-dTP(2-60) in aqueous solution. Only the exchange between the H N -proton of an unassigned Ser residue and water was fast enough to manifest itself already at the shortest mixing time ( Figure 4A ). However, in the spectrum with a 40 ms mixing time, amide protons from 17 additional amino acid residues had a significant exchange with water ( Figure 4B) . Notably, the C-terminus (I55, S56, S57 and S58) exchanges relatively fast. The other peaks that appear in the spectrum originate from F9, S10, S12, S15, F20, S22-S23, R25, Q34, F43-S44-T45,
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E52 and an unassigned Ser. Increasing the mixing time to 60 ms results in the appearance of cross-peaks for additional 18 amino acid residues that indicate exchange : S6, F13, L14, K16, L24, R26, F27, T32, R33, R38-Q39-R40, V46, A48, A50, T51 and G59 and one unassigned Ser residues ( Figure 4C ).
By comparing a summary of the measured peak intensities in the CLEANEX spectra as a function of mixing time (not shown) with the secondary structural propensity ( Figure 2 ) it is evident that the residues that appear to display somewhat slower exchange are not entirely correlated with the regions that are identified to have a structural propensity. Hence, the results indicate again that the peptide is largely unstructured and that the tendency to form helical structure is very weak.
Mapping the AtTom20 interaction sites in ThrRS-dTP(2-60)
The interaction between AtTom20 and ThrRS-dTP(2-60) was studied by titrating a ThrRS-dTP(2-60) sample (100 µM) with a concentrated solution of overexpressed AtTom20 (1 mM) and recording 15 N-HSQC spectra with different AtTom20 concentrations ranging from 0 to 1:1 molar ratio. The resulting spectra are shown in Figure 5 . Adding AtTom20 induced chemical shift changes and intensity loss for some cross-peaks, reflecting the interaction positions in the ThrRS-dTP (2-60) sequence. Generally, the largest effects on the cross-peaks are related to broadening and intensity loss, rather than large chemical shift changes. Some peaks disappear even before the highest AtTom20 concentration (1:1), indicating a slower overall tumbling rate or exchange broadening due to an on-off binding event. However, peaks from the C-terminus and L7, L8 and Y29 are still clearly seen at the highest AtTom20 concentration ( Figure 5C ). Hence, the NMR spectral properties of these residues in ThrRS-dTP(2-60) are not largely affected by AtTom20 and most likely do not take part in the interaction.
The intensity changes relative to the sample without AtTom20 were calculated for samples with AtTom20/ThrRS-dTP(2-60) molar ratios of 0.2:1 and 0.5:1 ( Figure 6A ).
Pronounced changes upon addition of AtTom20 were observed mainly in the F9-Q39
region, involving residues F9-K16, S22-V28 and L30-Q39. These regions correspond well with the parts of the sequence seen to have high secondary structure propensity, including both the α-helical structure S6-F27 and the β-strand structure Q34-R38. The signal intensities for these positions decrease to less than half at a molar ratio of 0.2:1 and most of them diminish in intensity even more at the next titration point (0.5:1).
These results suggest a loss of mobility in these three regions upon addition of AtTom20. We can conclude that these positions are probably where AtTom20 binds to ThrRS-dTP(2-60). In addition, other residues, F47 and A48 also show obvious intensity loss, although they do not constitute a specific region. Notably, residues in the C-terminus of ThrRS-dTP(2-60) are not greatly affected by AtTom20 (V49-G59), and neither are the N-terminal residues (S6-L8).
Further, chemical shift changes between the spectra recorded with and without 0 Figure 6B . Several residues display small but significant shift changes, and the ones displaying the largest shifts are L14, S15, R25, F27-V28 L30, T32, W36, and F47. These residues are mainly located in the first N-terminal part of the peptide that showed a propensity for α-helical structure. W36, on the other hand, is in the short sequence that showed a weak β-sheet propensity. Additional residues also have larger than average shift changes, such as for F47. The chemical shift changes after addition of AtTom20 indicate that a small structural change of ThrRS-dTP(2-60) occurs and it is mainly in the weakly structured regions (F9-V28 and L30-Q39).
A summary of the line-broadening and chemical shift effects of adding AtTom20
to ThrRS-dTP(2-60) is shown in Figure 6C , and notably, taking the results together, the most pronounced effects are seen for the region comprising residues F9-V28 and L30-Q39, which agrees very well with the regions identified in the secondary chemical shift analysis as having propensity for forming α-helical or β-strand structure. The first of these regions was also identified by helical wheel calculations as being able to form an amphiphilic structure, although both regions present hydrophobic faces ( Figure 3 ). It is also worth noting that the main effect of adding AtTom20 is to increase line-widths rather than inducing chemical shift differences, indicating that the interaction causes dynamic events that increase the apparent T 2 relaxation rates (presumably exchange).
Discussion
Several studies have to date identified and analyzed apparent dTPs in precursor proteins, which are being imported into both mitochondria and chloroplasts [12, 18, 37] and many more have been predicted to be dually targeted [38] . The determinants for import into mitochondria and chloroplasts appear to be very similar, although some differences in the characteristics of mTPs and cTPs have been found, especially in the N-terminal portion of the targeting peptides [1] . The content of Pro and Ser residues is higher in cTPs, while the prevalence of basic amino acid residues is higher in mTPs.
mTPs have been shown to form amphiphilic α-helices in membrane mimetic media [5, 7] , and it has been demonstrated that they bind with their hydrophobic side into a 13 hydrophobic groove in the Tom20 receptor [26, 27] . An N-terminal α-helix has been observed in the targeting peptides in both alternative oxidase (AOX) [39] and in F 1 β [5] in SDS micelles, which also appears to be important for targeting. Contrary to this, cTPs appear not to form helical structures to the same degree [6, 9] although helical structure has been observed in membrane mimicking media [10, 40] and it has been suggested that the binding to the receptor does not require the formation of the an amphiphilic helical structure as observed in mTPs [9] .
In the case of a chloroplastic transit peptide (cTP) from the Rubisco activase enzyme it was observed that a rather stable helix in the C-terminal part of the sequence was formed in mixed micelles [9] . However, the cTP of ferredoxin does not adopt any significant amount of helical structure although a small central region is observed to have helical features [40] .
The nature of the structure of dTPs is not known. Here we observed that the dual targeting peptide from AtThrRS is largely unstructured in aqueous solution, but does show a propensity of forming helical structure in the N-terminal part of the sequence, which is followed by a short region with a weak propensity for β-strand structure. The exchange data also clearly supports an unstructured peptide, with no regions clearly displaying slower NH proton exchange than others. The properties of the N-terminal region of the dTP from AtThrRS, which has the capacity to form an amphiphilic structure (Figure 3 ) corresponds well to regions in mitochondrial targeting sequences that have been implicated in the binding to a hydrophobic patch in the Tom20 receptor.
Here we see that the interactions between ThrRS-dTP(2-60) and Tom20 appear to involve more than one region, however. The largest part that is affected by Tom20 spans residues S11-V28, but also L30-Q39 shows chemical shift changes and line 14 broadening upon Tom20 interaction. In previous studies of the interaction between the AOX-mTP and Tom20, chemical shift changes in two regions were also observed, and it was concluded that extensive regions in the targeting peptide were involved in binding [39] . Furthermore, there are two discontinuous binding sites at the concave surface of Tom20, which is suggested to explain that the interaction region for plant presequenes in general being longer than the animal counterpart.
Here we see that the dually targeted peptide also appears to bind to Tom20 using a large part of the sequence, through two different regions. Hence, the interaction between the dually targeted peptide in this study may be similar in nature as that observed in a mitochondrial targeting peptide. Based on the present findings and other studies, it appears likely that there are at least two different ways that a dual targeting peptide can be recognized by Tom20. From our results we see that out of the two regions that are affected by Tom20 one, S11-V28, has the possibility to adopt an amphiphilic structure, and that mainly residues in the hydrophobic face of the putative helix are affected by Tom20. Notably, the hydrophobic face of the first region is flanked in both ends by two basic amino acid residues, K16 and R25 ( Figure   3 ). It has previously been demonstrated that such an arrangement may serve as an anchor in positioning transmembrane helices in a lipid bilayer [41] , and here these residues may be important for locating the sequence in a hydrophobic pocket of Tom20. Both of these basic residues are among the ones that are most affected by Tom20. No such arrangement is observed for the second region of the peptide (L30-Q39).
The largest interaction domain of ThrRS-dTP(2-60) (S11-V28) contains two Arg and one Lys residue, and no negatively charged residues, and the second short region (L30-Q39) has two Arg residues, implying that these positively charged residues may 15 be of importance in addition to hydrophobic interactions. The interaction between mTPs and Tom20 from both yeast and plants is reported to be hydrophobic in nature, and it has even been pointed out that the hydrophobic residues of the amphiphilic structure and not the positively charged residues that are recognized by Tom20 [27] .
The plant F 1 β mTP, the AOX mTP and the rat mTP of aldehyde dehydrogenase all contain positively charged residues [5, 26, 39] , and although it has been observed that the peptides bind with a hydrophobic surface, it has also been pointed out that the Arg residues may form contacts with polar residues in Tom20 [26] . Muto et al. (2001) identified five-residue binding regions in different mTPs that all contain Arg residues, although the pattern did not strictly require a basic amino acid residue [42, 43] . The pattern of this sequence is described as φχχφφ, where φ is a hydrophobic/aromatic amino acid residue and χ is often a polar residue. In our case, the sequence L 24 RRFV 28 is the only one in the ThrRS-dTP sequence that fulfils this pattern, and notably, these residues are among the ones that were most affected by the addition of Tom20 ( Figure 6 ).
The main effect of Tom20 on the targeting peptide is to cause selective linebroadening for certain residues. This effect is much more pronounced than the chemical shift perturbations even at low concentrations of Tom20, and several peaks diminish greatly at a molar concentration ratio of ThrRS-dTP(2-60) to Tom20 of 1:0.2 ( Figure 6 ). This clearly indicates that the complex between the two is dynamic and causes exchange broadening to interfere with the NMR spectrum. Even at a high Tom20 concentration (1:1), the spectrum is broadened beyond detection for most residues, which is consistent with a dynamic equilibrium that cannot be stabilized by excess Tom20. This result is reasonable, since it is not expected that the targeting peptide should bind tightly to the receptor, as this would have impact on the import efficiency. The lack of large shift changes may also indicate that there is no need for a large structural conversion of the targeting peptide, in contrast to rat Tom20 -presequence interactions, where a well-defined, stable helical presequence peptide has been observed [26] . Increasing amounts of evidence that intrinsically disordered proteins do not have to adopt a well-defined structure upon interaction with other proteins are emerging [44] [45] [46] [47] . Sometimes local and transient structural preferences in an ensemble of peptides dictate function, and even protein-protein interactions may not always lead to well-formed secondary or tertiary structures, but indicate a novel mode of action of these intrinsically disordered proteins [32, 45, 46] .
In summary, we have for the first time characterized the interaction between a dual targeting peptide and the mitochondrial import receptor Tom20. The dTP from
AtThrRS was investigated by solution NMR, and we found that the peptide is mainly unstructured, but with tendencies to form an amphipathic α-helical structure in the Nterminal part of the sequence and a weak tendency for a β-strand structure in the midpart of the sequence, a trait characteristic for intrinsically disordered proteins (IDPs) [31, 32, 47] . The dual targeting peptide does not appear to bind rigidly to Tom20, but is in a kinetic equilibrium, leading to line-broadening effects in NMR spectra. The two regions identified as having structural propensities are the ones mainly responsible for the binding. This implies that the interaction with Tom20 may share features with the mTP -Tom20 interaction, but that also other parts of the targeting sequence take part in the interaction.
Materials and methods
Sample preparation 17 Cloning of the constructs of ThrRS-dTP and purification of ThrRS-dTP were done as described previously by Berglund et al. [19] . In short, the peptide was produced by overexpressing a GST-ThrRS-dTP fusion construct. The inclusion bodies containing the insoluble protein were purified and ThrRS-dTP(2-60) was obtained by CNBr cleavage after the first Met in ThrRS-dTP as described earlier [5, 19] . 15 
NMR spectroscopy
Web tools
SSP program [33] and δ2D program [34] were applied to calculate the secondary structure propensities of the IDP ThrRS-dTP with Cα and Hα chemical shifts.
HeliQuest [36] was used to analyze the helical properties of the sequence, and to investigate the potential amphiphilicity of these. Jpred [35] was used to predict the secondary structure propensity for the ThrRS-dTP(2-60) sequence. 
